Epstein-Barr virus (EBV) is
Epstein-Barr virus (EBV) is the etiological agent of infectious mononucleosis, a self-limiting lymphoproliferative disease occurring in adolescents and young adults upon primary infection (for reviews, see references 18, 38, 41, and 60) . Most infections are uncomplicated, resulting in the establishment of viral latency in B lymphocytes following primary infection. Virus-related pathologies can occur, however, and are of particular concern in immunocompromised individuals (4, 5, 48) . EBV is associated with the development of several malignancies, including Burkitt's lymphoma, Hodgkin's lymphoma, nasopharyngeal carcinoma, and various lymphoproliferative disorders arising in immunocompromised patients (2, 3, 4, 15, 37, 74) .
The LMP2A protein of EBV is the only viral protein consistently identified in latently infected B cells in vivo, suggesting that LMP2A plays an important role in viral persistence and in the development of EBV-associated diseases (16, 58, 70, 71) . In latently infected lymphocytes, LMP2A localizes to small glycolipid-enriched microdomains in the plasma membrane (21) . By localizing to membrane microdomains, LMP2A may mimic an activated B-cell receptor (BCR). Studies have demonstrated that BCR activation in LMP2A-expressing B cells fails to activate the downstream signaling molecules Lyn, Syk, phosphatidylinositol 3-kinase (PI3-K), phospholipase C-␥2, Vav, Shc, and mitogen-activated protein kinase (MAPK). Instead, Syk, PI3-K, phospholipase C-␥2, and Vav are constitutively phosphorylated in LMP2A-expressing cells (45, 46, 47) . In these cells, the amino-terminal domain of LMP2A is tyrosine phosphorylated and associates with Src family protein tyrosine kinases as well as Syk (11, 45) . Mutational analyses indicate that phosphotyrosines at positions 74 and 85 (an ITAM motif) in LMP2A bind Syk, while tyrosine 112 binds Lyn. All three residues are essential for the LMP2A-mediated block in BCR signal transduction (25, 26) . It is likely that LMP2A provides a constitutive positive signal and, by sequestering Lyn and Syk, prevents normal BCR signal transduction. By preventing B-cell activation, LMP2A may prevent the induction of lytic EBV replication and subsequent immune recognition (42, 46) .
We have utilized a transgenic mouse model to further define the function of LMP2A in B cells in vivo. Expression of LMP2A interferes with normal B-cell development, allowing BCR-negative cells to exit the bone marrow and colonize peripheral organs (12, 13) . In normal bone marrow, appropriate immunoglobulin (Ig) heavy-chain gene rearrangement is required for transition from the CD19 ϩ CD43 ϩ pre-B stage to the CD19 ϩ CD43 Ϫ pre-B stage. Subsequent rearrangement of Ig light-chain genes and expression of both heavy and light chains at the cell surface allow for transition to the CD19 ϩ
IgM
ϩ immature B-cell stage, which is required for exit from the bone marrow (Fig. 1B) (24, 28) . The TgE LMP2A transgenic line contains significantly reduced numbers of CD19 ϩ B cells in the bone marrow and spleen. Additionally, the majority of bone marrow and splenic CD19 ϩ B cells do not express surface IgM. Interestingly, these cells are CD43 negative and interleukin-7 (IL-7) responsive (13) . The presence of CD43-negative cells also lacking IgM suggests a defect at the pre-B stage of development. Bone marrow B cells from these mice also undergo Ig light-chain, but not heavy-chain, gene rearrangement (13) . This indicates that LMP2A signaling bypasses the requirement for Ig recombination and allows IgM-negative cells, which would normally undergo apoptosis, to colonize peripheral lymphoid organs.
Precursor B-cell growth in IL-7 in the absence of bone marrow stromal cells requires progression to the CD19 ϩ CD43
Ϫ stage, which depends on proper Ig rearrangement (24, 28) . B cells from LMP2A transgenic mice form colonies in methylcellulose, and the B cells in these colonies lack IgM expression, indicating that LMP2A bypasses the requirement for Ig rearrangement and allows for IL-7-driven B-cell proliferation (12, 13) . LMP2A-mediated effects on B-cell development and survival are abolished in transgenic mice expressing LMP2A with tyrosines 74 and 85 mutated to phenylalanines, indicating that the ITAM and Syk are required for LMP2A-mediated developmental and survival signals in B lymphocytes (43) . Additionally, studies utilizing mice deficient in the downstream B-cell signaling component BLNK (SLP-65) or Bruton's tyrosine kinase (Btk) have demonstrated that LMP2A utilizes these molecules for its effects on B-cell development and survival (23, 44) . The development of mature B cells from multipotent progenitors requires the coordinated action of a number of transcriptional regulators, including E2A, early B-cell factor (EBF), and Pax-5 (BSAP) (for reviews, see references 27 and 61). E2A proteins (E proteins) encode two alternatively spliced gene products, E47 and E12, which contain a basic DNA binding domain and a helix-loop-helix (bHLH) dimerization motif. These proteins bind DNA as homo-or heterodimers and function as transcriptional activators (27, 35, 66) . Mice deficient in E2A demonstrate a block in the early pro-B-cell stage of development and are defective for Ig heavy-chain gene rearrangement (7, 75) . E2A induces expression of EBF, and the two proteins function together for induction of gene transcription from target promoters necessary for the pro-B to pre-B stage transition. These genes include those for components of the pre-BCR complex (Ig-␣ [mb-1], Ig-␤ [B29], 5, and Vpre-B) and factors involved in recombination (terminal deoxynucleotidyl transferase [TdT], RAG-1, and RAG-2) (35, 55, 67) . E2A and EBF, together with IL-7 receptor signaling, are necessary to activate Pax-5 expression. Pax-5 functions later than E2A and EBF during the pre-B stage of development and is necessary for the generation of fully rearranged V(D)J heavy-chain genes. Pax-5 mutant pre-B cells can respond to IL-7 in the presence of stromal cells but fail to differentiate into more mature B-cell stages (27, 52, 61, 62) . Pax-5 has been shown to repress J-chain gene expression and induce germ line IgH, Ig-␣ (mb-1), CD19, N-myc, and lymphoid enhancer factor-1 (LEF-1) (31, 51, 62) . In summary, E2A, EBF, and Pax-5 function together to regulate the expression of components of the pre-BCR complex and are required for the pro-B to pre-B-cell transition when Ig heavy-chain recombination is beginning.
E2A activity is negatively regulated by Id proteins, which also contain a helix-loop-helix domain but lack a DNA binding domain and thereby inhibit E2A family members from forming functional dimers (22, 29, 69) . Another E2A inhibitor is SCL (TAL1), a bHLH factor that can also form heterodimers with E proteins. Constitutive expression of SCL in the bone marrow has been shown to induce a dose-dependent block at the B-cell commitment step (10, 32) . Not surprisingly, B lymphocytes from mice in which Id proteins or SCL is overexpressed resemble those from E2A-deficient mice (22, 30, 68) .
Expression of LMP2A in transgenic mice alters B-cell development by inhibiting Ig heavy-chain gene rearrangement and expression of a functional BCR. This suggests that LMP2A ϩ bone marrow B cells were purified in methylcellulose cultures containing IL-7, and splenic B cells were isolated by using CD19-coated magnetic beads as described in Materials and Methods. (B) Stages of B-cell development in the bone marrow, beginning from common lymphoid progenitor (CLP) cells and progressing to immature B cells, which exit the bone marrow and colonize peripheral lymphoid organs. The transition from the pro-B stage to the pre-B stage of development requires both E2A and EBF transcription factors. Pax-5 is required for B-cell commitment and transition through the pre-B stage. The activity of E2A is inhibited by Id and SCL proteins (for reviews, see references 27, 29, and 61). may alter the expression and/or activity of transcription factors or signaling molecules required for proper B-cell development. In this study, we have utilized DNA microarray technology to identify alterations in gene expression in B cells from mice expressing the LMP2A transgene. We have identified not only decreased expression of genes associated with normal B-cell development but also reduced levels of the transcription factors that regulate expression of those genes. These studies demonstrate that LMP2A, when expressed during B-cell development, can repress the expression and activities of critical transcription factors necessary for proper B-cell maturation.
MATERIALS AND METHODS
Mice. Construction and characterization of the E TgE LMP2A transgenic mice has been described previously (13) . All animals were housed at the Northwestern University Center for Experimental Animal Resources in accordance with university animal welfare guidelines.
Isolation of primary B cells. Bone marrow cells were flushed from femurs and tibias with using 1ϫ phosphate-buffered saline containing 1% penicillin-streptomycin. Red blood cells were lysed in 155 mM ammonium chloride, and 2 ϫ 10 6 cells were placed in 3 ml of Methocult M3630 methylcellulose cultures containing 10 ng of recombinant mouse IL-7 (Stemcell Technologies, Vancouver, British Colombia, Canada) per ml. Colonies formed in 7 to 10 days were routinely Ͼ95% CD19 ϩ B cells as demonstrated by flow cytometry as previously described (13) , and these cells were utilized for microarray analysis (Fig. 1A , bottom panels). Spleens were dissociated between frosted slides in RPMI to prepare single cell suspensions. Red blood cells were lysed, and B cells were purified at 4°C on magnetic cell sorting columns with magnetic beads coated with CD19 antibodies (Miltenyi Biotec, Auburn, Calif.). B cells were tested for purity by fluorescence-activated cell sorter analysis, and cells shown to be Ͼ95% CD19 ϩ B cells by flow cytometry were utilized for microarray analysis (Fig. 1A , bottom panels).
RNA preparation and microarray analysis. Total RNA was extracted from CD19 ϩ bone marrow and splenic B cells according to the Trizol reagent protocol (Invitrogen, Carlsbad, Calif.). RNA was then subjected to cleanup by using the Rneasy mini kit according to the RNA cleanup protocol (Qiagen, Valencia, Calif.). Aliquots of RNA were then removed and run on 1% agarose-formaldehyde gels to verify that no degradation occurred. Additionally, optical density (OD) readings were taken, and 20 g of total RNA having OD A 260 /A 280 readings of between 1.9 and 2.1 was utilized for reverse transcription. Doublestranded cDNA was then generated with the Superscript double-stranded cDNA synthesis kit (Invitrogen), using an oligo(dT)-T7 primer [5Ј-GGCCAGTGAAT TGTAATACGACTCACTATAGGGAGGCGG-(dT) 24 -3Ј]. Following phenolchloroform extraction and ethanol precipitation, cRNA was in vitro transcribed and labeled with biotin by using the Enzo Bioarray RNA transcription labeling kit (Affymetrix, Huntsville, Ala.). The cRNA was purified by using CHROMA SPIN 100 columns (Clontech, Palo Alto, Calif.) and ethanol precipitated. cRNAs having OD A 260 /A 280 readings of between 1.9 and 2.1 were again run on agaroseformaldehyde gels to check for transcripts ranging between 35 and 200 bases, and 20 g of these products was fragmented in fragmentation buffer containing 200 mM Tris-acetate (pH 8.1), 500 mM potassium acetate, and 150 mM magnesium acetate at 95°C for 35 min. Fragmented, biotinylated cRNA was then submitted for Affymetrix microarray analysis by the Children's Memorial Institute for Education and Research (CMIER) microarray facility at Northwestern University. The murine genome U74A chips were purchased from Affymetrix and utilized for analysis. The results from two separate, identical experiments were compared, and an average differential change in gene expression of twofold or greater in both experiments was considered significant.
RT-PCR Analysis. Total RNA was extracted from CD19 ϩ B cells by using Trizol reagent (Invitrogen). Five micrograms of RNA was reverse transcribed according to the Superscript first-strand synthesis system for reverse transcription-PCR (RT-PCR) protocol (Invitrogen). One-fourth of the RT reaction mixture was utilized in standard PCRs containing 1ϫ PCR buffer (Amersham Pharmacia Biotech, Piscataway, N.J.), a 1 M concentration of each oligonucleotide primer, 0.2 mM deoxynucleoside triphosphates, and 1 U of Taq polymerase (Amersham Pharmacia Biotech). The amplification cycle (15 s at 94°C, 30 s at 58°C, and 75 s at 72°C) was repeated 16 to 18 times, depending on the primers used, and followed by a single 15-min period at 72°C. Aliquots were removed at the end of cycles 10 through 20 in order to determine the minimum amplification necessary for detection. Oligonucleotides for PCRs were as follows: E47 sense, 5Ј-GTCCTGGGTGGATGATGAAC-3Ј; E47 antisense, 5Ј-CATCCCTGCTGT AGCTGTCA-3Ј; EBF sense, 5Ј-CCAACTCACCCTATGCCATT-3Ј; EBF antisense, 5Ј-GCAAGGTCGGTGATTTTGTT-3Ј; Pax5 sense, 5Ј-CAGCAAAATT CTTGGCAGGT-3Ј; Pax5 antisense, 5Ј-TGCTGTGTGAACAGGTCTCC-3Ј; Id2 sense, 5Ј-CCAATCTTTTGCAGGCATTT-3Ј; Id2 antisense, 5Ј-TCCCCAT GGTGGGAATAGTA-3Ј SCL sense, 5Ј-CTGTTTGTGCAGGAGAGCAA-3Ј; SCL antisense, 5Ј-CACCACCTGGATTGACACAG-3Ј; GAPDH (glyceraldehyde-3-phosphate dehydrogenase) sense, 5Ј-TGGTATCGTGGAAGGACTCA TGAC-3Ј; and GAPDH antisense, 5Ј-ATGCCAGTGAGCTTCCCGTTCAGC-3Ј. PCR samples were subjected to standard gel electrophoresis in 1% agarose, and the images were scanned with an alphaimager (Alpha Innotech Corporation). The band intensities of each PCR product were normalized to those of GAPDH to determine the relative levels of each transcript.
Protein isolation and Western blots. Bone marrow and splenic B cells were lysed in buffer containing 125 mM HEPES (pH 7.5), 750 mM NaCl, 50 mM MgCl 2 , 5 mM EDTA, 10% glycerol, 10 g of aprotinin per ml, 10 g of leupeptin per ml, 25 mM NaF, and 1 mM sodium orthovanadate, and protein levels were quantitated in standard Bradford assays (Bio-Rad, Hercules, Calif.). Equivalent amounts of protein were subjected to heat denaturation at 70°C for 10 min. Samples were run on sodium dodecyl sulfate (SDS)-4 to 15% polyacrylamide gels (Bio-Rad) at 100 V for 1.5 h and transferred to Immobilon-P membranes (Millipore, Bedford, Mass.). E2A was detected by using rabbit polyclonal antibodies which recognize both E12 and E47 (Santa Cruz Biotechnology, Santa Cruz, Calif.) diluted 1:500 in TBST (150 mM NaCl, 50 mM Tris-Cl [pH 8], and 0.05% Tween 20), and Pax-5 was detected by using goat polyclonal antibodies (Santa Cruz Biotechnology) diluted 1:500 in TBST. Rabbit polyclonal antibodies to PI3-K were diluted 1:2,000 in TBST and utilized as a loading control. All proteins were detected by using the appropriate secondary antibodies conjugated to horseradish peroxidase at 1:2,000, followed by ECL detection (Amersham Pharmacia Biotech) and autoradiography.
DNA binding assays. Nuclear extracts were prepared from bone marrow and splenic B cells by lysing cells in hypotonic buffer (20 mM HEPES [pH 7], 10 mM KCl, 1 mM MgCl 2 , 0.5 mM dithiothreitol, 0.1% Triton X-100, 20% glycerol, 2 M phenylmethylsulfonyl fluoride, 5 g of aprotinin per ml, and 5 g of leupeptin per ml). Extracts were then homogenized and centrifuged, and the pellets containing the nuclear extracts were dissolved in extraction buffer (hypotonic buffer containing 420 mM NaCl). Protein levels in nuclear and cytoplasmic extracts were quantitated in standard Bradford assays (Bio-Rad). Equivalent levels of protein were diluted fourfold in binding buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 5% glycerol, 1 mM dithiothreitol, and 0.01% Triton X-100), and 0.3 g of 5Ј-biotinylated target DNA was added. The double-stranded oligonucleotide sequence for the E2 Ig kappa-chain enhancer sequence 5Ј-TC GAAAGGCAGGTGGCCCAAGCT-3Ј (49) . Following a 20-min incubation, MACS streptavidin-conjugated microbeads (Miltenyi Biotec) were added, and samples were incubated for an additional 15 min. Samples were then put through magnetic columns (Miltenyi Biotec) and washed four times with binding buffer. Bound protein was then eluted with elution buffer (binding buffer containing 1 M NaCl) and half of the samples were run on standard SDS-10% polyacrylamide gels as described above. Western blotting was performed with antibodies to E2A as described above, and identical SDS-polyacrylamide gels were silver stained according to the protocol of the manufacturer (Bio-Rad).
RESULTS

LMP2A transgenic mice and B-lymphocyte development.
We have previously reported that LMP2A transgenic mice demonstrate altered B-cell development, with the majority of bone marrow B cells lacking IgM expression (13) . The characteristics of these cells are presented in Fig. 1 , along with a schematic representation of the stages and transcription factor regulation of normal B-cell development. As shown in Fig. 1A , IgM-negative B cells from LMP2A transgenic mice are B220 ϩ and CD19
ϩ , suggesting that the transition from the early pro-B stage of development is not altered by LMP2A (compare columns 1 and 2). Additionally, the majority of CD19 ϩ B cells from LMP2A transgenic mice are CD43 negative and do not rearrange Ig heavy-chain genes (Fig. 1A) (13) , which suggests that LMP2A-mediated alterations in development occur sometime during the pre-B stage when Ig is rearranged and a func- tional BCR is expressed on the cell surface (Fig. 1B) . These IgM-negative B cells, which should normally undergo apoptosis, are able to exit the bone marrow and colonize peripheral lymphoid organs such as the spleen (Fig. 1A , compare columns 3 and 4) (13). These observations indicate that LMP2A manipulates cellular components involved in B-cell signaling and survival during B-cell development. The coordinated activities of several transcription factors, including E2A, EBF, and Pax-5, are essential for proper B-cell development (Fig. 1B) . As shown in Fig. 1B, E2A and EBF are critical for the transition from the pro-B to the pre-B stage of development, while Pax-5 functions later in development at the pre-B stage (for reviews, see references 27, 29, and 61). As mentioned above, the activity of E2A can be blocked by expression of specific inhibitors, such as Id proteins or SCL (Fig.  1B) . Based upon the tight regulation of B-cell maturation by specific transcription factors, the developmental defects that we have observed in LMP2A transgenic mice suggest that transcription may be altered in B cells from LMP2A transgenic mice.
DNA microarray analysis of B cells from LMP2A transgenic mice. In order to identify the molecular basis for the alterations in B-cell development observed in LMP2A transgenic mice, we utilized DNA microarray analysis to directly compare gene transcription in B cells from wild-type and LMP2A transgenic mice. To identify alterations in gene transcription that may be induced by LMP2A during B-cell development, CD19 ϩ bone marrow B cells were selected on methylcellulose containing IL-7 and used for microarray analysis (Fig. 1A , bottom panels). Nonactivated, purified CD19 ϩ splenic B cells from wild-type and LMP2A transgenic mice were also utilized to identify altered transcription maintained by LMP2A in peripheral B cells (Fig. 1A, bottom panels) . Identical microarray experiments were performed in duplicate, and transcripts exhibiting an average change in expression of twofold or greater were considered significant. Sequences for over 12,000 genes were contained in the microarrays. In bone marrow B cells from LMP2A transgenic mice, 117 of these transcripts were up-regulated twofold or more compared to those in cells from wild-type mice, and 54 of these transcripts were designated expressed sequence tags (ESTs) or sequences without designation in the genome database. A total of 711 transcripts were down-regulated in LMP2A-expressing bone marrow B cells, and 375 of these were ESTs. In splenic B cells, 285 genes were up-regulated (117 ESTs) and 67 transcripts were down-regulated (20 ESTs). Although expression of many genes was altered by LMP2A, we chose to focus our studies on B-cellspecific transcription factors and other genes important for B-cell development in order to identify the specific transcriptional targets of LMP2A that produce the phenotype we observe in transgenic mice.
Many genes induced during B-cell development and necessary for appropriate maturation were affected by LMP2A expression. The transcription factors E2A, EBF, and Pax-5 were each down-regulated from 2.1-to 3.5-fold in bone marrow and splenic B cells from LMP2A transgenic mice. These results are shown in Table 1 , with the average fold change from two identical experiments and standard deviation indicated. Interestingly, expression of two inhibitors of E2A, Id2 and SCL, was up-regulated 3.9-and 2.3-fold, respectively, in splenic B cells.
Many other B-cell-specific genes and components of the pre-BCR complex were down-regulated to various degrees, indicating that the activity of their regulating transcription factors is also decreased. As mentioned above, Ig-␣ (mb-1), Ig-␤ (B29), RAG-1, RAG-2, Vpre-B, 5, and TdT are all induced during the early stages of B-cell development, and their expression depends on coordinated activity of E2A, EBF, and Pax-5 (for reviews, see references 27, 29, and 61). In agreement with this, expression of most of these B-cell-specific genes was more strongly down-regulated in bone marrow B cells than in splenic B cells from LMP2A transgenic mice (Table 1) . Interestingly, expression of Ig-␤ (B29) was not significantly affected by LMP2A expression; however, this has also been demonstrated in developing B cells from mice deficient in E2A and suggests an additional regulatory mechanism for Ig-␤ (B29) expression (55) . The TdT gene, which is induced by E2A and involved in Ig recombination, was down-regulated 3.6-fold in bone marrow B cells. Additionally, expression of the Ig J chain, which is normally repressed by Pax-5, was significantly enhanced 4.3-fold in bone marrow and 6.7-fold in splenic B cells expressing LMP2A, further indicating that Pax-5 activity is repressed.
Interestingly, expression of other transcription factors that cooperate with E2A, EBF, and Pax-5 during B-cell development was affected by LMP2A expression. Two members of the Ets family of transcription factors, PU.1 and Spi-B, were downregulated to various degrees (Table 1 ). In developing B cells, PU.1 modulates the expression of several B-cell-specific genes, such as those for Ig heavy and light chains, Ig-␣ (mb-1), Ig-␤ (B29), Vpre-B, kappa and lambda light chains, Btk, TdT, CD19, and J chain (for reviews, see references 8, 29, 53, and 61). Spi-B, another Ets family member that is closely related to PU.1 in its binding specificity, transcriptional activity, and expression, has been shown to be important for cell proliferation following BCR stimulation (for reviews, see references 8 and 27). In our microarray experiments, PU.1 demonstrated a more significant down-regulation (3-fold) in the bone marrow, while Spi-B was down-regulated 2.3-fold in splenic B cells from LMP2A transgenic mice. One possible explanation for this is that PU.1 functions early during B-cell development and Spi-B is believed to be important for activation of mature B cells. LEF-1/T-cell factor-1 (TCF-1) factors activate gene transcription during lymphoid development in response to Wnt signaling. LEF-1, which is normally induced by Pax-5, is downregulated 3.2-fold in bone marrow B cells from LMP2A transgenic mice (Table 1) . LEF-1 has been implicated in B-cell development, while the related TCF protein (up-regulated 2.6-fold) is involved in thymocyte development (for reviews, see references 36, 61, 72, and 73). This further indicates that the transcription factor environment in bone marrow cells from LMP2A transgenic mice is not favorable for proper B-cell development. These results, taken together, indicate that the transcription factors critical for proper B-cell-specific transcription, Ig rearrangement, and transition through the pre-Bcell stage of development are down-regulated in LMP2A-expressing B cells. Down-regulation of transcription factor expression in B cells from LMP2A transgenic mice. In order to verify that expression of E2A, EBF, and Pax-5 was indeed down-regulated in bone marrow and splenic B cells from LMP2A transgenic mice, semiquantitative RT-PCR was performed ( Fig.  2A) . Primers specific for E47 were utilized as an indication of E2A expression, since this E protein is predominantly expressed in B cells (66) . Experiments were repeated three times, and representative gels are shown (Fig. 2A) . The levels of each RT-PCR product were normalized to those of a control transcript, GAPDH, by dividing the intensities of the PCR products by the fraction of GAPDH product present. The mRNA expression in wild-type bone marrow and splenic B cells was then set to a value of 100%, and the relative percentage of E2A, EBF, and Pax-5 expression in B cells from LMP2A transgenic mice is shown graphically (Fig. 2B ). In agreement with the microarray data, E2A, EBF, and Pax-5 transcripts were each reduced by two-to threefold in LMP2A-expressing splenic and bone marrow B cells from LMP2A transgenic mice.
The protein levels of E2A and Pax-5 were also determined by Western blot analysis (Fig. 3) . EBF levels were not measured due to the lack of a commercially available antibody against this protein. Experiments were repeated three times, and representative gels are shown. As shown in Fig. 3 , E2A protein levels were reduced in bone marrow and splenic B cells from LMP2A transgenic mice compared to cells from wildtype littermates. In contrast to the RT-PCR results, Pax-5 levels were decreased in bone marrow B cells, but not in splenic B cells, from LMP2A transgenic mice. This is most likely because this B-cell-specific factor functions primarily during the B-cell commitment stage and is not highly expressed once B cells exit the bone marrow (51) . It is possible that RT-PCR is much more sensitive than Western blotting and may detect much smaller differences in expression. Alternatively, Pax-5 expression may be regulated posttranscriptionally in splenic B cells, which would allow for detection of differences in mRNA by RT-PCR but not for detection of differences in protein by Western blotting. E2A is induced early during B-cell development and also in mature B cells upon BCR ligation and activation, which is consistent with our observations of decreased E2A expression mediated by LMP2A in both bone marrow and splenic B cells (59).
FIG. 2. Decreased expression of B-cell developmental transcription factors in B cells from LMP2A transgenic mice. (A) Semiquantitative RT-PCR was performed with total RNA from CD19
ϩ bone marrow (BM) (left) and splenic (SP) (right) B cells from wild-type (WT) and LMP2A transgenic mice. Primers specific for E47 (E2A), EBF, and Pax-5 were utilized, along with GAPDH as a control for RNA levels. Each experiment was repeated three times, and a representative gel is shown. (B) The levels of expression of E47, EBF, and Pax-5 were normalized to the levels of GAPDH, and the amount of expression in wild-type B cells was set to 100%. Error bars indicate standard deviations.
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Increased expression of E2A inhibitors in B cells from LMP2A transgenic mice. Expression of the E2A inhibitors Id2 and SCL was also verified by semiquantitative RT-PCR analysis (Fig. 4A ). Experiments were repeated three times, and representative gels are shown. Again, the mRNA expression in wild-type B cells was set to a value of 100%, and the relative expression of each transcript in LMP2A-expressing B cells is shown graphically (Fig. 4B ). In agreement with the microarray analysis, expression of Id2 and SCL was up-regulated in splenic B cells, but not in bone marrow B cells, from LMP2A transgenic mice. Id2 expression was more significantly up-regulated (four-to fivefold) than SCL expression (twofold). These results suggest that two mechanisms of E2A inhibition by LMP2A may exist, depending on the developmental stage of the cells. One mechanism may involve reducing E2A expression as demonstrated by decreased mRNA levels in bone marrow and splenic B cells. Another likely involves inhibition of E2A activity by up-regulation of Id2 and/or SCL expression as demonstrated in splenic B cells from LMP2A transgenic mice.
Decreased E2A-specific DNA binding activity in B cells from LMP2A transgenic mice. To determine whether reduced expression of E2A in B cells from LMP2A transgenic mice results in decreased E2A-specific DNA binding activity, we measured the amount of E2A bound to a E2 Ig kappa-chain enhancer sequence (49) . DNA-bound E2A was isolated by incubation of nuclear extracts with biotinylated target DNA, addition of streptavidin-coated magnetic beads, and collection on magnetic columns. The amount of E2A eluted from the columns was detected by Western blot analysis (Fig. 5, upper  gel) . Cytoplasmic extracts were also run as controls to demonstrate that there was no nonspecific DNA binding activity (data not shown). Correlating with the decreased E2A expression levels in bone marrow and splenic B cells from LMP2A transgenic mice, there was also a similar decrease in E2A activity in these cells. The decreased DNA binding activity of E2A in bone marrow and splenic B cells was further verified by silver staining of identical SDS-polyacrylamide gels (Fig. 5, (54) . Although in most systems activation of effectors in the Ras pathway occurs posttranslationally, we have observed changes in gene expression which suggest that this pathway is altered in LMP2A-expressing B cells. As shown in Table 2 , several Rasassociated genes were affected by LMP2A expression. In bone marrow B cells cultured in IL-7, several Ras-associated genes were down-regulated over twofold, including PAC-1 ERK/ MAPK phosphatase, Rho and Raf effectors, GBP-2 GTPase, Vav and DAB adaptor molecules, SOS-2 guanine nucleotide exchange factor, and MEK and ERK kinases (for a review, see reference 1). This suggests that Ras-mediated activation of E2A may be repressed by LMP2A in developing bone marrow B cells. In these same cells, we observed increased expression of two Notch-associated molecules, Delta and enhancer of split (ESG) (for a review, see reference 56). Additionally, expression of the SEL1L inhibitor of Notch was down-regulated threefold in bone marrow B cells from LMP2A transgenic mice, suggesting that Ras-mediated activation of E2A may be inhibited by Notch signaling.
T-cell receptor (TCR) signaling through the Ras-ERK-MAPK pathway has been shown to induce up-regulation of Id proteins, which inhibit the activity of E2A (6) . As shown in Table 2 , alterations in the expression of Ras-associated signaling molecules were observed in splenic B cells from LMP2A transgenic mice. Particularly, expression of the potentially oncogenic Ki-Ras was increased 2.7-fold, while the kinase suppressor of Ras (KSR1) was down-regulated 2.5-fold, in splenic B cells. These results suggest that in peripheral B cells, LMP2A may utilize the Ras pathway to induce Id expression, which results in decreased activity of E2A.
DISCUSSION
By utilizing DNA microarray technology and a transgenic mouse model, we have demonstrated that LMP2A, when expressed in developing B cells, alters the expression of critical transcription factors involved in normal B-cell development. In particular, the transcription factors E2A, EBF, and Pax-5 are each down-regulated two-to threefold in bone marrow and splenic B cells from LMP2A transgenic mice. Additionally, the DNA binding activity of E2A is significantly inhibited in bone marrow and splenic B cells from LMP2A transgenic mice, and expression of two E2A inhibitors, Id2 and SCL, is up-regulated in splenic B cells. Other transcription factors known to play a role in B-cell development by cooperating with these three factors to modulate proper gene expression, such as PU.1 and LEF-1, are also down-regulated in B cells expressing LMP2A. Interestingly, similar changes affecting global gene transcription have been noted in Reed-Sternberg cells from Hodgkin's lymphoma (19, 33, 34, 39) . Approximately 40 to 50% of Hodgkin's lymphoma cells are EBV positive and express LMP2A (37, 39) . Our research suggests that LMP2A may be responsible for these transcriptional changes and may provide information regarding the importance of LMP2A in Hodgkin's disease. In addition, the ability of LMP2A to repress cellular gene transcription has important implications regarding its role in establishment of viral latency in EBV-infected B lymphocytes. FIG. 5 . E2A activity is inhibited in B cells from LMP2A transgenic mice. DNA binding assays were performed with nuclear extracts prepared from bone marrow (BM) and splenic (SP) B cells from wild-type (WT) and LMP2A transgenic mice. Nuclear extracts were examined for binding to a biotinylated E2 DNA probe in order to detect E2A-specific DNA binding activity. Bound protein was selected by incubating with streptavidin-coated magnetic beads followed by purification on magnetic columns as described in Materials and Methods. Western blotting was then performed with antibodies specific for E2A (upper gel). Duplicate SDS-polyacrylamide gels were run, and DNAbound E2A was identified by silver staining (lower gel). Each experiment was repeated two times, and a representative gel is shown. Inhibition of cellular signaling by LMP2A. It has been demonstrated that LMP2A blocks the activation of downstream signaling molecules following BCR ligation and may provide constitutive signals to mimic an activated BCR (42, 46, 47) . Thus, LMP2A maintains a constant state of viral latency by preventing BCR-mediated induction of lytic EBV replication and subsequent immune recognition (42, 46) . When expressed early during B-cell development, before expression of a functional BCR, LMP2A may have a similar inhibitory effect on signaling from the pre-BCR. In our transgenic mouse model, LMP2A expression is driven by the Ig heavy-chain promoter and enhancer and is thus turned on at the pro-B stage of development. The results of this study suggest that LMP2A may then inhibit or bypass necessary signaling through the pre-BCR during development. LMP2A was shown to downregulate the expression of proteins involved in recombination as well as components of the pre-BCR (Table 1 ). These genes are normally up-regulated prior to Ig rearrangement and pre-BCR formation and then down-regulated by receptor feedback to prevent further Ig heavy-chain gene rearrangements (for a review, see reference 27). Down-regulated expression of components of the pre-BCR complex by LMP2A may simply inhibit the formation of a functional pre-BCR. Alternatively, LMP2A may somehow allow a bypass of the required pre-BCR signaling in the absence of Ig heavy-chain gene rearrangement and cause a premature reduction in the levels of these transcripts, allowing for progression through the pre-B stage and induction of Ig light-chain rearrangement. Interestingly, induction of light-chain gene rearrangement, which has been shown not to require signaling from the pre-BCR, appears to be normal in LMP2A transgenic mice (13, 27) .
Both the BCR and pre-BCR utilize similar signaling pathways to mediate downstream transcriptional activation. Similar to signaling through the BCR, the pre-BCR utilizes signals from molecules such as Syk, Lyn, Btk, and BLNK for progression to the pre-B stage of development and establishment of allelic exclusion (14, 20, 29, 40) . We have previously demonstrated the importance of Syk, Btk, and BLNK in mediating the effects of LMP2A on B-cell development and survival in these transgenic mice (23, 43, 44) . It is therefore likely that LMP2A utilizes these same signaling molecules not only to interfere with transcription factor regulation during B-cell development but also to inhibit activation in mature B cells.
Although reduced expression of the E2A, EBF, and Pax-5 transcription factors in LMP2A-expressing B cells was modest (two-to threefold), studies have shown that this is a strong enough signal to inhibit B-cell development. B cells from mice heterozygous for both E2A and EBF display a phenotype very similar to that of the mice in our study in that the B cells fail to express IgM (55) . Upon B-cell activation, E2A activity has been shown to be necessary for class switch recombination; therefore, it is interesting to speculate that E2A activity may also be affected by LMP2A expression in latently infected mature B cells (59) . Id3, when overexpressed, can inhibit E2A-mediated isotype switching (22) . Additionally, research indicates that Id2 negatively controls mature B-cell differentiation, which is essential for B cells to become responsive to antigen, by inhibiting E2A activity (9) . Inhibition of E2A activity during latency may allow LMP2A to inhibit B-cell activation and subsequent induction of EBV lytic gene expression. Interestingly, E2A heterozygosity has been shown to result in reduced expression of the cell cycle inhibitor p21 and increased pro-and pre-B-cell proliferation (30) . This may explain our previous observation of a two-to threefold increase in the colony size of bone marrow B cells from LMP2A transgenic mice compared to those of wild-type mice (12, 13) .
LMP2A regulation of E2A activity. Regulation of E2A activity by upstream signaling molecules during B-cell development is largely unknown. The most well defined pathway has been described for T cells and involves TCR signaling. In this pathway, TCR signaling through the Ras-ERK-MAPK pathway can induce up-regulation of Id proteins, specifically Id3, which inhibit the activity of E2A (6) . Notch signaling has also been shown to block a pathway involving Ras-JNK-mediated activation of E2A (54) . Both pathways are involved in mediating T-cell activation and/or development and may be employed for E2A regulation in B cells as well.
It appears that LMP2A may regulate E2A activity in at least two distinct ways. E2A was shown to be down-regulated transcriptionally in bone marrow and splenic B cells. Microarray analysis of bone marrow B cells cultured in IL-7 suggests that the Notch signaling pathway is activated in bone marrow B cells, while components of Ras signaling pathways are downregulated (Table 2 ). It is possible that these events result in E2A down-regulation in B cells as well as T cells. Recently, Notch activation was shown to contribute to tumor proliferation of Reed-Sternberg cells in Hodgkin's lymphoma; however, that study did not include a correlation between Notch activation and the presence of EBV in these cells (34) .
An additional mechanism of E2A inhibition by LMP2A appears to involve increased expression of two inhibitors of E2A, Id2 and SCL, in splenic B cells. Id proteins are normally expressed only in pro-B cells and are absent in more differentiated precursors. Similarly, SCL expression decreases as B cells mature (9, 10, 22) . In agreement with this and as shown in Fig.  4 , there was virtually no expression of Id2 in wild-type splenic B cells; however, there was abundant expression in splenic B cells from LMP2A transgenic mice. Based upon the microarray results presented in Table 2 , it is likely that Id2 is up-regulated in peripheral B cells as a result of Ras activation by LMP2A.
Many studies have demonstrated the importance of Ras signaling during B-cell development. Expression of a dominant-inhibitory mutant of Ha-ras in mouse B-cell precursors results in an almost complete loss of pro-B and pre-B cells in the bone marrow (50) . Interestingly, expression of a constitutively activated form of Ras in the RAG-1 Ϫ/Ϫ background results in the production of B cells with a phenotype nearly identical to that of our LMP2A transgenic mice. Activated Ras expression induces the progression of B cells beyond normal developmental checkpoints, allowing B220
ϩ IgM Ϫ cells to accumulate in the periphery (65) . By utilizing embryonic cells unable to synthesize heavy-chain variable-region genes, this same group has demonstrated that B-cell populations expressing constitutively activated Ras display extensive Ig light-chain rearrangement in the absence of heavy-chain rearrangement, similar to what we have observed in LMP2A transgenic mice (64) .
Ras has been shown to stimulate many downstream signaling events following BCR activation, including the activation of PI3-K and Raf/MAPK (for reviews, see references 20 and 40).
In splenic B cells, it is possible that LMP2A activates the Ras-ERK-MAPK pathway in the absence of BCR or pre-BCR signaling and this results in increased Id2 expression and subsequent inhibition of E2A activity. Two serine residues (S15 and S102) in the LMP2A amino terminus have been shown to be phosphorylated by the ERK1 MAPK in vitro, although the significance of this has not been elucidated (57) . Studies involving LMP2A-expressing HaCaT keratinocytes have demonstrated that LMP2A does not activate the MAPK pathway; however, a recent report indicates that LMP2A may activate the ERK/JNK MAPK pathways in 293 cells (17, 63) . A potential cell-type-specific induction of these pathways by LMP2A may account for these differences, as our data indicate that LMP2A may repress Ras activation in developing bone marrow B cells and activate the Ras pathway in peripheral B cells. Experiments involving the identification and characterization of the effects of LMP2A on Ras and Notch signaling pathways in transgenic mice are under way.
Additional B-cell regulatory transcription factors. Two Ets transcription factors, PU.1 and Spi-B, were down-regulated in LMP2A-expressing B cells. PU.1 was more significantly downregulated in bone marrow B cells than in splenic B cells, which correlates with its critical role early in B-cell development (for reviews, see references 8 and 53). Spi-B, a factor implicated in the proliferation of mature B cells in response to BCR stimulation, was shown to be down-regulated in splenic B cells from LMP2A transgenic mice (27) . Spi-B-deficient mice are defective in BCR-stimulated proliferation, and this effect is further exacerbated in PU.1 heterozygous, Spi-B deficient mice, suggesting that these transcription factors may function synergistically in mature B-cell activation (8, 27) . Since peripheral B cells in this transgenic mouse model do not express a functional BCR, reduced Spi-B expression may result simply from LMP2A-mediated alterations in another upstream pathway normally targeted by this viral protein. Alternatively, an LMP2A-mediated reduction in Spi-B expression may result in decreased cellular proliferation in response to immune stimulation through molecules other than the BCR. LEF-1, a Wnt component involved in B-cell development, was down-regulated in bone marrow B cells from LMP2A transgenic mice. In contrast, the related TCF transcription factor, normally involved in thymocyte development, was up-regulated in bone marrow B cells from LMP2A transgenic mice (for reviews, see references 72 and 73) . Although the significance of these findings is not clear, it is intriguing that the Wnt pathway appears to be altered by LMP2A expression, since inappropriate activation of TCF target genes has been shown to be a primary event for cellular transformation in colon carcinomas (for reviews, see references 72 and 73).
In summary, we have utilized DNA microarray technology to study changes in gene transcription induced upon LMP2A expression in murine B lymphocytes. The results of this study demonstrate that LMP2A interferes with global transcription factor regulation for proper B-cell development when expressed during B lymphopoiesis. These results indicate that LMP2A may be responsible for the recent observation of global changes in gene expression demonstrated in Hodgkin's Lymphoma (19, 33, 34, 39) . In particular, this may allow LMP2A to promote the persistence of cells that lack a functional BCR, which is a common feature of Reed-Sternberg cells (37, 39) . Future studies that address the mechanisms by which LMP2A-induced changes in transcription factor gene expression promote altered development and survival of B cells may provide insight into how LMP2A maintains latency in EBV-infected B lymphocytes.
